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A 

A 


‘'pmin 


ps 


ptr 


D 

K 


or 


*D 

*D 


crit 


Cumulated  spatial  amplification  ratio  of  a  disturbance  in  the 
boundary  layer  to  its  amplitude  at  point  of  neutral  stability 

Threshold  Reynolds  number,  assumed  to  equal  40 

A  at  the  position  of  laminar  boundary- layer  separation 

2 

Pressure  coefficient  given  by  (P-Pq)/ (l/2pUo  ) 


Minimum  value  of  C 

P 


C 

P 


C 

P 


at  the  position  of  laminar  boundary- layer  separation 
at  the  location  of  transition  in  the  laminar  boundary-layer 


Diameter  of  the  axisymmetric  head form 

3K  ,  for  distributed  roughness  about  the  average  value  of  the 
s 

maximum  roughness  depth  in  a  single  measuring  length  of  1  cm 

Average  vertical  distance  between  the  tip  of  the  largest  roughness 
in  a  circumferential  distance  of  1  cm  and  the  smooth  surface  at  the 
leading  edge  of  the  Isolated  stimulator 

Measured  rms  value  of  the  roughness  heights 


Local  static  pressure  on  the  headform 
Free-stream  tunnel  static  pressure 


Vapor  pressure  of  water  at  Its  bulk  temperature 
Reynolds  number  given  by  UqD/v 

Critical  Reynolds  number  at  which  transition  takes  place  at  the 
position  of  laminar  boundary-layer  separation 


uKK 

— —  f  the  roughness  Reynolds  number 


U 
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Free-stream  tunnel  velocity 


v 


X 

X 

s 


a/a, 


'TS 


e 
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e 

max 

y 

v 


P 
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Local  streamwise  velocity  component  evaluated  at  the  roughness 
height,  K 

Axial  distance  from  the  stagnation  point 

Axial  distance  from  the  stagnation  point  to  the  laminar  separation 
point 

Axial  distance  from  the  stagnation  point  to  the  transition  location 

Radial  distance  measured  from  the  X-axis  of  the  headform 
Distance  along  the  surface  normal 

Dissolved  gas  content  in  terms  of  percent  of  saturation  at  21°C 
water  temperature  and  atmospheric  pressure 

Dissolved  gas  content  in  terms  of  percent  saturation  at  test  section 
water  temperature  and  pressure 

A  constant,  set  equal  to  1.0,  in  the  momentum  diffusivity  term 
Momentum  diffusivity  term,  (Equation  (3)) 

Amplitude  of  the  momentum  diffusivity  at  the  wall 
Molecular  viscosity 

y  +  pem,  roughness  molecular  viscosity 

Kinematic  viscosity  of  water 
Mass  density  of  water 

2 

Cavitation  number  given  by  (P-Pv)/(l/2pUo  ) 

Incipient  cavitation  number 
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ABSTRACT 


Cavitation  inception  observations  were  made  in 
the  DTNSRDC  36-inch  water  tunnel  on  three  axisymmetric 
headforms  with  and  without  various  turbulence  stimulators 
installed.  Direct  measurements  of  transition,  made  on 
two  of  the  headforms  with  and  without  distributed  surface 
roughness,  were  found  to  correlate  reasonably  well  with 

N 

the  computed  spatial  amplification  factors,  e  with 

N 

7  _<  N  £  10.  The  computed  e  factors  were  then  used  to  esti¬ 
mate  transition  at  other  test  conditions  (without  direct 
transition  measurements).  The  predicted  transition  locations 
on  all  three  smooth  headforms  occur  at  positions  consider¬ 
ably  aft  of  the  minimum  pressure  locations.  The  three  smooth 
headforms  have  different  types  of  incipient  cavitation — 
small  band,  transient  spot,  traveling  bubble,  and  attached 
spot.  The  measured  cavitation  inception  numbers  for  those 
cases  are  all  significantly  smaller  than  the  computed  nega¬ 
tive  values  of  the  minimum  pressure  coefficient,  “Cpmin* 

The  predicted  transition  locations  on  the  three  headforms 
with  densely-  and  loosely-packed  60-pm  distributed  roughness 
occur  a  considerable  distance  upstream  of  the  minimum  pres¬ 
sure  locations.  Therefore,  the  flows  over  all  three  head- 

forms  with  distributed  roughness  are  turbulent  at  the  C  . 

pmin 

locations  for  the  Reynolds  numbers  tested.  Under  this 
condition,  the  measured  cavitation  inception  numbers  are 
found  to  approximate  well  the  values  of  “C  The  incip¬ 

ient  cavitation  is  in  the  form  of  attached  small  bubble 
lines  evenly  distributed  around  the  minimum  pressure  loca¬ 
tions.  The  measured  cavitation  inception  numbers  for  the 
three  headforms  with  an  isolated  roughness  band  located 
upstream  of  the  minmum  pressure  locations  are  found  to 
approximate  the  computed  values  of  ~Cpm^n  when  the  roughness 

Reynolds  number  (R^*u^K/v)  is  equal  to  or  greater  than  600 

and  to  be  smaller  than  the  values  of  -C  .  when  the  value 

pmin 

of  is  less  than  600.  The  incipient  cavitation  observed 

is  attached  patch  type  cavitation  occurring  in  the  vicinity 
of  the  minimum  pressure  locations. 


ADMINISTRATIVE  INFORMATION 

This  work  was  funded  by  the  David  W.  Taylor  Naval  Ship  Research  and  Develop¬ 
ment  Center,  General  Hydromechanics  Research  Program,  Program  Element  61153N,  Task 
Area  SR0230101,  and  performed  under  Work  Unit  1542-817. 
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INTRODUCTION 

Inception  of  cavitation  in  liquids  is  the  condition  under  which  cavitation  is 

first  detected,  either  visually  or  acoustically,  with  a  simple  measuring  device. 

The  simple  assumption  that  equilibrium  conditions  are  reached  instantaneously  and 

that  the  cavitation  inception  occurs  immediately  when  the  static  pressure  reaches 

the  vapor  pressure  is  often  made  in  engineering  predictions  of  cavitation  inception. 

This  assumption  is  probably  valid  for  most  full-scale  bodies.  However,  the  Reynolds 

number  at  model  scale  is  one  or  two  orders  of  magnitude  smaller  than  the  prototype 

value.  The  measured  cavitation  indices  o ^  on  small  smooth  models  are  generally 

significantly  smaller  than  the  negative  value  of  the  minimum  pressure  coefficient, 
l^Hf  2  3  A 

-Cpmin  (see  Huang,  Arakeri  and  Acosta,  Holl  and  Carroll,  Van  der  Meulen,  and 

Van  der  Meulen  and  Ye^).  The  boundary  layers  on  the  smooth  models  are  usually 

laminar  at  the  location  of  the  minimum  static  pressure  and  remain  laminar  for  a 

considerable  length  downstream.  In  contrast,  transition  from  laminar  to  turbulent 

flow  is  most  likely  to  take  place  upstream  of  a  prototype  minimum  pressure  location. 

Extensive  reviews  of  the  viscous  effects  on  cavitation  inception  have  been  made  by 
6  7  8 

Acosta  and  Parkin  *  and  by  Acosta.  Detailed  numerical  evaluations  of  the  in¬ 
fluence  of  viscous  effects  on  model  and  full-scale  cavitation  inception  correlation 

9 

have  been  made  by  Huang  and  Peterson.  Prediction  techniques  and  a  large  amount  of 
data  covering  the  scale  effects  on  various  types  of  cavitation  have  also  been 
presented  by  Billet  and  Boll.^  The  viscous  characteristics  of  the  flow  regime 
(whether  laminar,  laminar  separated,  transitional,  or  fully  turbulent),  at  and 
upstream  of  the  cavitation-prone  minimum  pressure  location,  play  extremely  important 
roles  in  the  small  model  cavitation  inception  process,  and  the  differences  in  flow 
regimes  between  model  and  full  scale  are  the  major  sources  of  the  so-called  "scale 
effects"  of  cavitation  inception. 

Another  controlling  factor  in  cavitation  inception  is  the  size  and  population 
of  the  free-stream  microscopic  air  bubbles  in  the  flow  facility.  Large  exposed 
free  surface  areas  in  the  facility  may  result  in  an  over-deaerated  fluid  during 
prolonged  low  pressure  operation.  The  resulting  lack  of  microbubbles  has  been 
found  to  prevent  the  proper  development  of  cavitation  Inception.  Artificial  seeding 
of  the  fluid  with  microbubbles  has  been  found  to  stimulate  cavitation  inception,  by 


*A  omplete  ’  sting  of  references  is  given  on  page  37. 
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Albrecht  and  Bjorheden  in  the  Ka  Me  Wa  (KMW)  Marine  Laboratory  free-surface  cavi- 

12 

tation  tunnel,  and  by  Noordzij  in  the  Netherland  Ship  Model  Basin  depressurized 

towing  tank.  Increasing  microbubble  population  in  most  closed-loop  water  funnels 

13 

has  been  found  to  promote  traveling  bubble  inception  (Gates  and  Acosta,  and  Ling 
14  13 

et  al.  ).  In  some  cases,  free-stream  microbubbles  serve  to  trip  the  boundary 

layer  and  almost  eliminate  laminar  separation  on  the  model.  However,  the  effects 

of  gross  gas  content  on  the  attached  types  of  cavitation  (bubble-ring,  band,  trans- 

1  3 

ient  spots,  or  fixed  patch)  are,  in  general,  rather  small.  9 

A  high  free-stream  turbulence  level  is  known  to  promote  an  early  boundary-layer 

transition  and,  in  certain  conditions,  early  transition  can  lead  to  complete 

13 

elimination  of  laminar  separation.  It  is  expected  that  the  effect  of  free-stream 

turbulence  on  cavitation  inception  becomes  important  when  the  turbulence  level  can 

cause  significant  change  in  transition  and/or  laminar  separation. 

Neither  a  high  free-stream  turbulence  level  nor  a  microbubble  seeding  is  a 

reliable  and  practical  technique  for  stimulating  boundary-layer  transition  on  models 

in  cavitation  tunnels.  The  magnitude  of  turbulence  levels  in  water  tunnels  varies 

from  0.052-0.2%  (good  quality)  to  0.2%-l%  (normal)  and  up  to  a  maximum  of  2%  (in 

some  tunnels).  If  a  tunnel  has  a  turbulence  level  higher  than  2%,  the  result  is 

usually  a  significant  degrading  of  the  tunnel's  capability  and  flow  quality  to  the 

point  where  cavitation  experiments  cannot  be  performed.  To  seed  microbubbles 

uniformly  across  the  test  section  without  generating  excessive  vortices  is  also  not 

a  simple  task.  Furthermore,  a  proper  seeding  technique  to  assure  model-to-full- 

scale  correlation  is  not  yet  available  and  would  be  difficult  to  develop. 

9  10 

Scale  effect  prediction  techniques  *  may  only  be  used  to  estimate  the  trend 
and  the  order  of  magnitude  of  the  scale  effects  of  cavitation  inception  and  are  not 
sufficiently  accurate  to  give  quantitative  results.  In  addition,  the  prediction 
techniques  require  accurate  knowledge  of  the  pressure  distribution.  Such  detailed 
information  is  often  not  available  for  three-dimensional  bodies  and  propellers. 

Reliable  and  practical  techniques  to  eliminate  scale  effects  in  the  experi¬ 
mental  procedure  would  be  of  great  value  to  cavitation  model  testing  in  water 
tunnels.  One  promising  technique  is  the  use  of  a  boundary-layer  turbulence 


3 


stimulator  consisting  of  a  microscopic  distributed  roughness  from  the  leading  edges 
of  the  propellers  and  hydrofoils,  or  the  noses  of  bodies  to  an  appropriate  location 
upstream  or  downstream  of  the  minimum  pressure  location.  In  the  following,  recent 
research  relative  to  these  techniques  is  reviewed.  Further  research  to  perfect  the 
techniques  for  model  applications  will  also  be  reviewed. 

PREVIOUS  RELEVANT  RESEARCH  ON  CAVITATION  INCEPTION 
ON  BODIES  USING  TURBULENT  STIMULATORS 

A  boundary-layer  tripping  technique  using  a  strip  of  60  ym  (for  between  approx¬ 
imately  53  and  62  ym)  Carborundum  irregular  particles  about  1  mm  from  the  leading 

15—18 

edges  of  propeller  blades  has  been  developed  by  Kuiper  to  stimulate  the  boundary 

layer  on  a  propeller  model  and  thus  to  reduce  viscous  effects  on  propeller  cavitation. 

i  A  paint  flow  visualization  technique  showed  the  roughness  to  be  quite  effective  in 

|  producing  turbulent  boundary  layers  on  almost  the  entire  chord  length  of  the  blades. 

16—18 

Furthermore,  Kuiper  concluded  that  the  microbubble  nuclei  generated  by  the 

leading  edge  roughness  apparently  promoted  the  inception  of  bubble  cavitation  further 

i 

j  downstream.  Thus,  the  application  of  leading  edge  roughness  is  capable  of  not  only 

I  reducing  viscous  effects,  but  also  providing  needed  nuclei.  However,  the  leading 

edge  roughnesses  could  also  produce  an  undesired  pressure  disturbance  near  the 
minimum  pressure  location  that  might  cause  early  cavitation  on  the  roughness  elements. 

i 

i  Propeller  cavitation  research  is  one  of  the  most  important  areas  of  cavitation 

research.  However,  the  pressure  distributions  and  the  three-dimensional  boundary- 

!  layer  properties  of  the  propellers  are  often  not  available  or,  if  available,  not 

1  accurately  determined.  Therefore,  basic  understanding  of  the  effects  of  the  leading- 

j  edge  roughness  tripping  on  cavitation  is  difficult  to  obtain  from  propeller  model 

tests.  More  definitive  experiments  must  be  made  on  simpler  models  such  as  axisym- 

I  metric  headforms  or  hydrofoils.  For  such  models,  accurate  information  on  the 

|  pressure  distributions  and  boundary-layer  properties  are  relatively  easy  to  obtain. 

j  The  cavitation  results  obtained  with  such  models  are  given  next. 

I  19 

k  Billet  and  Holl  used  distributed  roughnesses  having  mean  diameters  of  30  ym 

►  and  66  ym  on  the  nose,  but  upstream  of  the  minimum  pressure  locations,  of  two  small 

|  Schlebe  headforms  (IH25.4  and  50.8  mm).  The  roughnesses  were  distributed  from  the 

j  stagnation  point  extending  aft  to  a  local  diameter  Df.  The  values  of  Df/D 

i 

[ 

> 

\ 
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investigated  were  0.5  and  0.7.  The  66  \im  distributed  roughness,  with  D^/D  -  0.5,  had 
no  influence  on  cavitation  for  either  body.  This  roughness  extent  may  not  have  been 
sufficient  to  trip  the  boundary  layer  and  to  generate  small  microbubbles.  However, 
for  the  larger  value  of  D^/D  *  0.7  with  30  pm  particles,  fixed-patch  cavitation, 
having  a  patch  of  cavitation  attached  to  the  surface  near  the  minimum  pressure 
location,  was  observed.  Cavitation  was  not  observed  on  the  roughness  elements.  The 
incipient  cavitation  number  for  traveling-bubble  and  fixed-patch  cavitation  for 
both  bodies  occurred  at  higher  values  than  did  the  simile;*  type  of  cavitation  for 
the  bodies  without  added  roughness.  It  is  important  to  note  that  the  effects  on 
cavitation  of  the  distributed  roughness  on  the  nose  of  the  model  depend  upon  the 
extent  of  roughness  upstream  of  the  C  ^  location;  one  case  seems  to  trip  the 
boundary  layer  and  the  other  is  not  effective  at  all.  One  can  match  of  the  model 
and  prototype  by  employing  a  trial  and  error  process  of  adding  roughness;  but  to  do 
this,  one  must  know  a,  of  the  prototype. 

1  5 

Experimental  investigations  were  conducted  by  Van  der  Meulen  and  Ye  on  a 
slightly  tapered  NACA  4412  hydrofoil  at  an  angle  of  attack  of  2  deg  with 
-Cp^in  *  1.105  at  x/C  =  0.28.  The  experimental  series  comprised  measurements  of  the 
pressure  distribution,  and  on-line  holographic  recordings  of:  1.  the  boundary  layer 
flow,  2.  traveling-bubble  cavitation,  and  3.  bubble  population.  Two  configurations 
were  tested  where  bubbles  were  generated  by  a  cavitating  wire  (1  mm  or  0.25  mm 
diameter)  ahead  of  the  foil.  The  influence  of  artificial  roughness  was  studied  for 
five  different  configurations:  0.65-ym  distributed  roughness,  50-ym  trip  wire  at 
x/C  =  0.05,  60-ym  trip  of  sand  roughness  at  x/C  =  0.0054  -  0.0100,  narrow  band 
(suction  side  x/C=0-0.05  and  pressure  side  x/C=0-0.015)  of  30-ym  sand  roughness, 
and  wide  band  (suction  side  x/C=0-0.072  and  pressure  side  x/C=0-0.036)  of  30-ym  sand 
roughness.  Without  the  application  of  roughness,  the  boundary  layer  was  laminar  up 
to  a  midchord  position  where  transition  to  turbulence  (at  low  speeds  laminar  flow 
separated  at  midchord)  occurred.  The  types  of  cavitation  observed  were  traveling- 
bubble  or  transient-spot  cavitation.  When  roughness  was  applied,  early  transition 
to  turbulence  occurred,  but  this  had  no  effect  on  the  inception  or  appearance  of 
traveling-bubble  cavitation.  However,  when  nuclei  generation  ahead  of  the  foil  was 
applied  or  when  the  roughness  elements  on  the  foil  were  cavitating,  the  type  of 


cavitation  changed  to  attached  bubble  cavitation.  The  measured  incipient  cavitation 
number  on  the  foil  having  a  leading-edge  roughness  band  trip  was  found  to  simu¬ 
late  very  closely  the  value  of  -C  *  1.105,  whereas  the  measured  value  of  a,  on 

pm  in  i 

the  smooth  foil  is  0.99.  The  scale  effect  on  this  model  was  only  moderate.  The 

measured  values  of  were  1.24  and  1.20  when  the  1  mm  and  0.25  mm  diameter  cavitat- 

ing  wires  were  upstream  of  the  foil,  respectively.  Vortices  generated  by  the  wires 

caused  premature  cavitation,  which  must  be  avoided  for  a  successful  experiment. 

The  average  roughness  of  0.65  ym  for  the  distributed  roughness  was,  unfortunately, 

too  small  to  have  any  significant  effect  on  cavitation  inception. 

20 

A  new  foil  section  (YS-920)  was  designed  by  Shen  and  Eppler  to  have  a  wider 

cavitation-free  bucket  at  the  full-scale  Reynolds  number  than  that  of  the  NACA  66 

(MOD)  section.  A  natural  transition  to  turbulence  near  the  leading  edge  will  occur 

at  the  full-scale  Reynolds  number.  However,  at  model  scale,  the  boundary  layer  will 

be  laminar.  A  uniformly  distributed  roughness,  consisting  of  spherical  glass  beads 

of  90  ym  diameter  covering  the  first  1.5%  of  the  chord  length  on  both  the  upper 

and  lower  surfaces,  was  used  to  simulate  the  high  Reynolds  number  cavitation  phenom- 
21 

enon.  The  computed  cavitation-free  boundaries  of  the  two  foils  at  various  angles 

of  attack  (based  on  the  assumption  that  at  full  scale)  agreed  very  well 

with  the  measured  boundaries  of  the  two  foils  using  leading  edge  roughness  but  did 

21  21 

not  agree  with  the  measured  boundaries  of  the  smooth  foils.  In  this  experiment, 

a  slight  (less  than  5%)  reduction  of  lift  curve  slope.,  a  0.25  deg  increase  in  zero- 

lift  angle,  and  a  40-50%  increase  in  section  drag  coefficient  were  caused  by  the 

21 

leading  edge  roughness.  Shen  also  found  that  the  termination  of  roughness  at 

x/C  *  0.015  caused  a  pressure  disturbance  there  and  that,  at  an  angle  of  attack 

having  Cpm^n  located  at  about  x/C  *  0.015,  the  measured  incipient  cavitation  number 

was  slightly  larger  than  the  value  of  C  .  .  Similar  to  the  results  of  Van  der 
5  21  Pmin 

Meulen  and  Ye,  Shen  found  that  the  scale  effects  on  the  midchord  cavitation  in¬ 
ception  are  effectively  eliminated  by  using  leading-edge  roughness. 

In  order  to  gain  further  insight  into  the  physics  of  cavitation  inception  on 
bodies  with  turbulence  stimulators,  and  to  obtain  hydrodynamic  parameters  for  select 
ing  effective  turbulence  stimulators  to  reduce  scale  effects  on  cavitation  inception 
three  axisymmetric  headforms  with  distributed  roughness  and  isolated  strip  roughness 
were  tested  in  the  DTNSRDC  36-in.  water  tunnel.  A  brief  summary  of  this  work  is 
reported  in  the  following  sections. 


GEOMETRY  FOR  THREE  SMOOTH  HEADFORMS 

Two  axisymmetric  headforms  having  laminar  separation  and  a  third  having  natural 
flow  transition  were  selected  to  investigate  the  effects  of  various  boundary-layer 
turbulence  stimulators  on  cavitation  inception.  Cavitation  inception  observations 
on  the  three  smooth  headforms  were  made  by  Huang.**  The  headform  designated  T-6 
has  natural  transition  without  any  possibility  of  laminar  separation.  The  other 
two  headforms,  designated  as  S-l  (hemispheric  nose)  and  S-2,  exhibit  laminar 
separation  as  a  result  of  severe  adverse  pressure  gradients.  Use  of  fluorescent 
oil-film  visualization  techniques  in  the  water  tunnel  verified  the  existence  of 
laminar  separation  at  the  predicted  locations.*’  The  body  contours  and  the  distri¬ 
butions  of  the  potential-flow  pressure  coefficients  of  the  three  headforms  are 
shown  in  Figure  1.  The  Headforms  T-6  and  S-l  have  the  same  maximum  diameter 
(D*10.2  cm).  Three  scales  of  Headform  S-2  were  constructed  with  maximum  diameters 
of  D  «  10.2  cm,  7.63  cm,  and  2.54  cm.  All  the  headforms  were  constructed  of  plexi¬ 
glass  to  avoid  corrosion  and  the  surface  finish  was  kept  at  0.4  ym. 

CAVITATION  EXPERIMENTS 

The  experiments  were  carried  out  in  the  DTNSRDC  36-in.  Variable  Pressure  Water 
Tunnel  (VPWT)  with  a  closed-jet  test  section.  A  cylindrical  resorber  7.62  m  in 
diameter  and  21.3  m  in  height  is  built  into  the  circuit  to  reduce  the  free-air 
content  of  the  water.  The  tunnel  is  also  equipped  with  a  deaeration  system  which 
can  be  used  to  reduce  the  air  content  of  the  water.  Total  air  content  was  measured 
by  a  standard  Van  Slyke  apparatus.  All  cavitation  measurements  were  made  with  a 
dissolved  air  content  of  9  parts  per  million  by  weight,  corresponding  to  40%  of 
saturation  at  21°C  water  temperature  at  atmospheric  pressure.  No  quantitative 
measurements  of  free-gas  bubble  distribution  were  made  in  the  present  experiment. 

The  headforms  were  attached  to  the  housing  of  the  propeller  shaft  located  at 
the  centerline  of  the  test  section  and  were  illuminated  by  an  EG&G  Xenon  Stroboscope 
(Model  LS  148).  The  system  allowed  the  visual  observation  of  cavitation  bubbles. 
Traveling-bubble  cavitation  inception  is  defined  in  this  report  as  the  onset  of 
detectable  cavitation  events  which  occur  about  once  per  second.  Transient  spot, 
band,  and  attached  cavitation  Inceptions  usually  occur  very  suddenly  and  are  quite 


repeatable.  Therefore,  their  inception  values  are  rather  easy  to  obtain.  Most  of 
the  cavitation  events  on  the  three  headforms  were  recorded  photographically  by 
using  Polaroid  High-Speed  Type-52  film  or  Kodak  High-Speed  Ektachrome  32-mm  film. 
In  addition,  high-speed  motion  pictures  (6500  frames  per  second)  were  taken  by  a 
Red  Lake  Hycam  16-mm  camera. 

Incipient  cavitation  numbers  were  determined  by  slowly  lowering  the  tunnel 
pressure  at  constant  tunnel  velocity  until  cavitation  events  occurred.  The 
cavitation  number,  a,  is  given  by 


a 


1/2  pno2 


(1) 


where  Pv  *  vapor  pressure  of  the  water 

Pq  -  static  pressure  at  the  centerline  of  the  test  section 

p  *  mass  density  of  water 
»  tunnel  velocity 

The  incipient  cavitation  number  is  denoted  by  a^. 

CAVITATION  INCEPTION  OBSERVATIONS  ON  THE  SMOOTH  HEADFORMS 

The  initial  cavitation  inception  observations  on  the  smooth  headforms  were 

reported  by  Huang.  The  repeated  observations  during  the  present  experiments  show 

no  discrepancy  with  the  initial  observations. 

Figure  2  shows  band  cavitation  with  small  parallel  bubble  lines  distributed 

evenly  at  the  laminar  separation  location  on  the  smooth  hemispheric  headform  S-l 

at  -  0.61.  In  Figure  3,  large  transient  attached  spot  cavitation  appears  and 

disappears  randomly  on  the  smooth  Headform  S-2  at  *  0.30  for  the  two  large 

(IV10.2  cm  and  7.63  cm)  models  and  at  **  0.23  for  the  small  (D*2.54  cm)  model. 

Cavitation  inception  on  both  Headforms  S-l  and  S-2  was  found  to  occur  near  the 

location  of  laminar  separation  as  detected  by  fluorescent  oil-film  visualization 

techniques  (Figures  2  and  3).  The  Reynolds  number  at  which  natural  transition  first 

appears  at  the  laminar  separation  location  is  designated  as  the  critical  Reynolds 

number,  R_  ,  and  is  given  in  Table  l.* 
crit 
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Two  types  of  cavitation  inception  on  the  Headform  T-6,  traveling  bubble  at 

O ^  ■  0*33  and  attached  patch  at  *  0.23,  are  shown  in  Figure  4. 

A  summary  of  the  measured  cavitation  inception  data  is  given  in  Table  1  for 

Headform8  S-l  and  S-2  and  in  Table  2  for  Headform  T-6.  As  shown  in  Table  1,  the 

measured  incipient  cavitation  numbers  for  attached  cavitation  on  the  S-l  model 

and  transient  cavitation  on  the  two  larger  S-2  models  were  found  to  be  equal  to  the 

negative  value  of  the  static  pressure  coefficient,  a,  ■  -C  ,  at  the  separation 

l  ps 

locations*  However,  attached  patch  cavitation  inception  numbers  on  the  small  S-2 

model  were  found  to  be  less  than  -C  .  According  to  the  criterion  given  in 

Reference  9,  the  separation  bubbles  on  this  small  S-2  model  are  long  bubbles  whereas 

those  on  the  two  large  S-2  models  and  the  S-l  model  are  short  bubbles.  The  locations 

of  patch  cavitation  on  the  T-6  model  were  found  to  be  in  the  transition  region,  and 

the  measured  values  of  a ^  for  the  attached  patch  cavitation  were  found  to  be 

approximately  equal  to  the  negative  value  of  the  static  pressure  coefficient  at 

transition,  -C  The  values  of  for  the  traveling  bubble  cavitation  of 

T-6  were  found  to  vary  between  the  negative  value  of  the  minimum  static  pressure 

coefficient  -C  .  and  C  .  (Table  2). 

pmin  ptr  ' 

The  effect  of  air  content  was  found  to  be  significant  only  for  the  traveling 

bubble  (T-6)  cavitation  and  insignificant  for  the  band  (S-l),  the  transient  (S-2), 

and  the  attached  patch  (T-6)  types  of  cavitation.  Therefore,  a  constant  air 

content  of  40%  saturation  was  selected  for  this  experiment* 

It  is  important  to  note  that  the  measured  incipient  cavitation  numbers  of  the 

three  smooth  headforms  tested  in  the  DTNSRDC  36-in*  water  tunnel  were  significantly 

smaller  than  the  values  of  "Cpmin*  The  boundary  layers  were  certain  to  be  laminar 

at  the  C  .  location  for  all  three  smooth  headforms. 
pmin 

TURBULENCE  STIMULATORS 

Three  types  of  turbulence  stimulators  were  used.  The  first  type  was  a  single 
band  of  roughness,  2.5  mm  wide  with  30-ym  or  60-ym  particles  distributed  evenly  on 
the  band*  The  second  type  consisted  of  densely  packed  particles  of  distributed 
roughness  that  started  at  the  stagnation  point  and  extended  downstream  of  the  C 
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pmin 

and 


location.  The  same  60-ym  Carborundum  irregular  particles  used  by  Kuiper 

20 

the  90-ym  spherical  glass  beads  used  by  Shen  were  used  to  produce  the  distributed 
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roughnesses.  In  addition,  some  of  the  headforms  were  tested  with  a  third  type  of 
roughness  where  the  roughness  particles  were  distributed  but  were  not  so  densely 
packed.  The  difference  between  the  densley  and  loosely  packed  distributed  rough¬ 
ness  is  shown  in  Figure  5.  The  rms  values  of  the  roughness  height  as  measured  by 
a  roughness  meter  (Perthometer  Model  C5D)  are  15  ym  and  10  ym  for  the  densely  and 
loosely  packed  distributed  roughness,  respectively. 

The  objectives  of  the  roughness  experiments  were  to  find  the  minimum  stimulator 
height  necessary  to  cause  transition  to  a  fully  turbulent  boundary  layer  upstream 
of  the  minimum  pressure  location,  to  observe  cavitation  inception  under  this 
condition,  to  develop  semiempirical  relationships  for  transition  prediction  by 
various  distributed  and  isolated  turbulence  stimulators  and  to  identify  the  maximum 
stimulator  height  that  does  not  promote  premature  and  excessive  cavitation. 

CAVITATION  INCEPTION  OBSERVATIONS  ON  HEADFORMS  WITH  TURBULENCE  STIMULATORS 
Cavitation  inception  observations  were  made  on  the  three  headforms  with  various 
combinations  of  turbulence  stimulators.  The  variation  of  the  observed  cavitation 
inception  within  the  limited  range  of  Reynolds  numbers  tested  was  found  to  be  small. 
Therefore,  cavitation  inception  data  were  obtained  at  only  two  values  of  Reynolds 
number  for  most  of  the  headforms.  In  order  to  reduce  water  tunnel  testing  time,  two 
different  turbulence  stimulators  were  applied  on  the  upper  and  lower  halves  of  the 
same  headform  during  one  experiment. 

On  hemispheric  Headform  S-l,  three  types  of  turbulence  stimulators  were  used: 

1.  densely  packed;  2.  loosely  packed  60-ym  distributed  roughness,  both  extending 

a  considerable  distance  aft  of  the  minimum  pressure  location;  and  3.  boundary-layer 

tripping  bands  (2.5-mm  wide  and  0.03-mm  high)  located  at  x/D  of  either  0.15  or  0.20. 

Cavitation  inception  observations  on  Headform  S-l  with  the  three  types  of  turbulence 

stimulators  are  shown  in  Figure  6.  Attached  small  cavitating  bubble  lines  evenly 

distributed  around  the  C  .  location  were  observed  on  the  S-l  model  with  the  two 

pmin 

distributed  roughnesses  (Figures  6c,  6d,  and  6g) .  The  measured  cavitation  inception 

numbers  vary  from  0.77  to  0.79  (cr^-0. 78±0. 01) ,  which  is  approximately  equal  to 

the  -C  .  value  of  0.78.  As  shown  in  Figures  6h  and  6i,  large  attached  patch 
pmin 

cavitation  was  observed  on  Headform  S-l  with  the  boundary- layer  tripping  band 


10 


(located  at  both  x/D*0.15  and  0.20).  The  measured  cavitation  inception  numbers  are 

0.70  for  the  two  band  locations  and  are  slightly  smaller  than  the  -C  ,  value.  The 

prain 

leading  edges  of  the  cavitation  patches  were  located  at  a  small  distance  downstream 

of  the  C  location, 
pmin 

A  densely  packed  60-ym  distributed  roughness  and  a  boundary-layer  tripping 
band  (4-mm  wide  and  0.06-mm  high)  located  at  x/D  ■  0.125  were  used  on  the  10.2-cm 
Headform  S-2  (Figure  7a) .  Cavitation  inception  on  the  distributed  roughness  surface 
was  in  the  form  of  attached  small  cavitating  bubble  lines  evenly  distributed  around 
Cpmin  location,  whereas  cavitation  inception  downstream  of  the  tripping  band  was 
in  the  form  of  attached  cavitating  spots  at  the  C  ^  location.  The  measured 
cavitation  numbers  for  the  two  cases  are  a  =  0.42  ±  0.01,  which  is  again  very  close 
to  the  ~Cpm;£n  value  of  0.41.  The  three  types  of  turbulence  stimulators  used  on  the 
small  (0=2.54  cm)  S-2  Headform  were:  1.  densely  packed  60-ym  distributed  roughness 
(Figure  7b),  2.  evenly  packed  90-ym  spherical  glass  beads  (Figure  7c),  and  3.  a 
boundary  layer  tripping  band  (1.3-mm  wide  and  0.04-mm  high)  located  at  x/D  =  0.25 
(Figure  7d).  The  measured  cavitation  inception  numbers  for  the  distributed  rough¬ 
ness  are  a ^  ■  0.42  ±  0.02.  Again,  the  measured  value  of  cr^  is  very  close  to  the 

-C  value  of  0.41  and  is  located  at  the  C  .  location.  The  measured  cavitation 
pmin  pmin 

inception  number  downstream  of  the  tripping  band  is  -  0.38,  which  is  slightly 

smaller  than  the  -C  .  value. 

pmin 

The  two  types  of  turbulence  stimulators  used  on  Headform  T-6  were:  1.  densely 

packed  60-ym  distributed  roughness,  and  2.  a  boundary-layer  tripping  band  (2.5-mm 

wide  and  0.03-mm  high)  located  at  x/D  -  0.125.  Cavitation  inception  in  the  form  of 

attached  cavitating  bubble  lines  evenly  distributed  around  the  C  ^  location  was 

observed  on  Headform  T-6  with  the  densely  packed  distributed  roughness.  The  measured 

cavitation  inception  number  is  0.42  which  again  is  very  close  to  the  *^pm^n  value 

of  0.43.  Large  attached  cavitation  patches  downstream  of  the  tripping  band  were 

observed  on  Headform  T-6  with  the  isolated  stimulation  ring.  The  measured  cavitation 

number  is  slightly  smaller  than  the  -C  .  value. 

J  pmin 

The  measured  cavitation  inception  indices  for  the  three  headforms  with  various 
turbulence  stimulators  are  tabulated  in  Tables  3  through  5.  For  all  of  the  head- 
forms  with  densely  packed  60-ym  distributed  roughness,  cavitation  inception  was 
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observed  at  the  C  ^  location  and  the  measured  cavitation  inception  numbers  were 

found  to  be  very  close  to  the  -C  .  values  (cr  *-C  .  ±  0.02),  However,  for  head- 

pmin  1  pm  in 

forms  with  an  isolated  ring  of  roughness,  attached  cavitation  inception  numbers 

were  found  to  be  slightly  smaller  than  the  values  except  for  the  large 

(D-10.2  cm)  Headform  S-2  (a  »-C  in  Table  4a).  In  the  following  section,  the 

1  pm  in 

measured  data  given  in  Tables  3  through  5  will  be  correlated  with  computed  boundary- 
layer  characteristics. 


CORRELATION  OF  MEASURED  CAVITATION  INCEPTION  WITH 
COMPUTED  BOUNDARY -LAYER  CHARACTERISTICS 

The  laminar  boundary  layer  on  a  small  smooth  model  is  quite  stable  from  the 

stagnation  point  up  to  the  location  of  Cpm^n*  Further  downstream,  the  flow  may  or 

may  not  be  separated  depending  upon  the  magnitude  of  the  adverse  pressure  gradient. 

For  a  body  having  laminar  separation,  the  Reynolds  number  at  which  natural  flow 

transition  first  appears  upstream  of  the  laminar  separation  position  is  designated 

22 

as  the  critical  Reynolds  number,  R^  .  Flows  for  which  the  Reynolds  number 

crit 

is  smaller  or  larger  than  R-.  are  called  "subcritical”  and  "supercritical,” 

22  crit 

respectively.  Use  of  fluorescent  oil-film  visualization  on  Headforms  S-l  and  S-2 

in  the  36- in.  water  tunnel  verified  the  existence  of  laminar  separation  at  the  pre- 
1  23 

dieted  locations  (Figures  2a  and  3a).  The  Smith  spatial  amplification  factor 
has  often  been  chosen  as  a  simple  yardstick  to  correlate  the  instability  charac¬ 
teristics  of  the  boundary  layers  with  the  various  measured  stages  of  transition. 

Satisfactory  correlation  between  the  computed  amplification  factors  and  measured 

1  24 

transition  processes  on  smooth  bodies  has  been  obtained  by  Huang  and  Arakeri  in 

25  26  27 

water  tunnels;  by  Huang  and  Hannan,  and  Huang  in  a  wind  tunnel;  and  by  Power 

in  the  towing  basin.  Similar  transition  correlation  techniques  for  bodies  with 

distributed  roughness  will  be  developed  in  the  following. 

Distributed  surface  roughness  is  known  to  promote  the  early  onset  of  boundary 

28 

layer  transition.  Kosecoff  et  al.  developed  an  analytical  model  to  simulate 

29 

the  effects  of  distributed  surface  roughness  on  transition.  Merkle  et  al. 
incorporated  the  Kosecoff  analytical  model  into  a  computer  program. 


The  primary  effects  of  the  distributed  surface  roughness  are  assumed  to  be 
distortions  of  the  mean  velocity  profiles  in  a  laminar  boundary  layer  from  their 
smooth-wall  shapes.  A  momentum  diffusivity  term  em  is  added  to  the  molecular 
viscosity  y,  e.g.. 


Ut  -  y  +  pem  (2) 

where  p  is  the  fluid  density.  The  new  variable  y  replaces  the  variable  y  in  the 

*  28 

boundary-layer  equations.  For  numerical  calculations,  Kosecoff  et  al.  assumes 

that  e  is  in  the  form  of 
m 

£m  *  £max  exp[f3l  (y/K)2]  (3) 

where  3^  *  constant  equal  to  1.0 

y  *  distance  along  the  surface  normal 
K  *  distributed  roughness  height 

Gmax  *  amplitude  of  the  momentum  diffusivity  at  the  wall  given  by 

W  Ke  v  “k  <-va+)|  <4> 

The  variables  in  Equation  (4)  are  K£,  a  constant  equal  to  0.094;  v  the  kinematic 
viscosity  of  the  fluid;  the  roughness  Reynolds  number  (R^u^K/v,  the  local 
streamwise  velocity  component  evaluated  at  the  roughness  height  K) ;  and  A+  a  thresh- 

hold  roughness  Reynolds  number  assumed  to  equal  40  (obviously,  for  R  <A+  the  effects 

K. 

of  roughness  diminish  exponentially). 

A  computer  code  has  been  developed  at  DTNSRDC  to  calculate:  1.  the  boundary- 

layer  characteristics,  2.  linear  boundary- layer  instability,  and  3.  the  spatial 

amplification  of  disturbances  in  the  boundary  layers  on  the  bodies  with  distributed 

29 

roughness.  Similar  to  the  computer  program  coded  by  Merkle  et  al.,  the  rough- 
wall  viscosity  modeled  by  Equations  (2)  through  (4)  replaces  the  smooth-wall 
viscosity  y  in  the  boundary- layer  equations.  Standard  numerical  procedures  for 
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solving  the  boundary- layer  properties  and  the  spatial  amplification  factor 

are  employed  and  will  not  be  given  here.  The  distributed  roughnesses  used  in  the 

experiments  are  the  irregular  particles  glued  on  the  surfaces  of  the  headforms. 

In  the  following  calculations,  the  roughness  height  K  is  selected  to  be  3K  ,  where 

s 

K  is  the  measured  rms  value  of  the  roughness  heights.  The  roughness  height  K  is 
s 

about  equal  to  the  average  value  of  the  maximum  individual  roughness  depth,  which 
is  the  vertical  distance  between  the  highest  and  lowest  points  of  the  roughness 
profile  within  a  single  measuring  length  of  1  cm.  For  an  isolated  ring  of  roughness, 
the  roughness  Reynolds  number  *  i^K/v  *s  a^so  used,  where  u^  is  the  smooth  laminar 
boundary-layer  velocity  at  the  leading  edge  of  the  roughness  band  evaluated  at  a 
height  of  K.  The  value  of  K  is  taken  as  the  average  vertical  distance  between  the 
tip  of  the  largest  roughness  and  the  smooth  surface  in  a  circumferential  distance 
of  1  cm. 


CORRELATION  FOR  THREE  SMOOTH  HEADFORMS 

The  critical  Reynolds  number,  R^  ,  at  which  laminar  separation  disappears  as 

crit 

a  result  of  the  occurrence  of  natural  flow  transition  at  the  separation  point  can 
be  estimated  by  observing  the  disappearance  of  a  band  of  oil-film  following  the 
separation  location.  As  shown  in  Figure  3a,  the  band  of  oil-film  was  visible  at 


lower  tunnel  speeds  and  disappeared  at  higher  speeds.  The  measured  value  of 

crit 

for  the  smooth  Headform  S-2,  as  shown  in  Table  4  correlates  well  with  the  computed 

spatial  amplification  factor  Ag  =  e^  at  the  separation  location.  The  value  of 

R-  for  the  smooth  S-l  model  occurs  beyond  the  maximum  speed  capability  of  the 
crit  1 

36-in.  water  tunnel.  Similar  correlations  between  the  measured  values  of 

crit 

and  the  computed  values  of  A  are  shown  in  Table  3  (Figure  6)  and  in  Table  4  for 

s 

Headforms  S-l  and  S-2,  respectively,  with  distributed  roughness.  The  measured 


values  of  R^  on  the  two  headforms  with  distributed  roughness  correlate  with  the 
crit  j  g 

computed  values  of  Ag  ■  e  to  e  for  the  five  cases  shown  in  Tables  3  and  4. 

Furthermore,  the  transition  region  on  Headform  T-6  as  measured  in  a  wind  tunnel  with 

1  26 

low  free-stream  turbulence  level  *  (about  0.1%)  correlates  well  with  the  computed 


spatial  amplification  factor  of  A  =  e11  and  the  transition  region  on  Headform  T-6 

in  the  36- in.  water  tunnel  with  a  higher  turbulence  level  (about  0.45%)  is  likely 

to  occur  in  a  location  where  the  computed  values  of  A  are  less  than  e^.  The  above 

correlations  imply  that  the  spatial  amplification  factor  can  be  used  as  a  simple 

yardstick  to  correlate  transition  on  bodies  with  and  without  distributed  roughness. 

In  order  to  determine  the  minimum  distributed  roughness  height  necessary  to  trip 

the  boundary  layer,  an  arbitrary  conservative  estimate  of  A  =  e  is  recommended* 

Flow  transition  is  quite  certain  to  occur  at  a  location  where  the  computed  spatial 

13 

amplification  factor  is  equal  to  or  less  than  e 

As  shown  in  Tables  3,  4,  and  5,  the  flow  is  laminar  at  the  C  .  location  for 

pmin 

every  smooth  headform*  This  conclusion  is  based  on  the  estimated  transition 

location  which  is  considerably  aft  of  the  C  .  location  for  the  three  bodies.  At 

pmin 

the  laminar  separation  point  of  the  smooth  Headform  S-l,  the  flow  is  still  laminar 
at  the  highest  test  values  of  investigated.  Also,  small  band  cavitation  incep¬ 
tion  was  observed  with  G^3£  -C  <  “^pmin  (Table  3  and  Figure  2).  The  predicted 
transition  location  occurs  a  small  distance  downstream  of  the  laminar  separation 
location  on  the  large  (D=10.2  cm)  smooth  Headform  S-2  at  =  1.3  x  106,  whereas 
transition  is  predicted  at  a  small  distance  upstream  of  the  separation  at 
R^  =  1.9  x  10^.  Large  transient  spot  cavitation  inception  was  observed  on  Headform 
S-2  with  S  ~Cps  <  ~^pmin  (Table  4  and  Figure  3).  For  the  range  of  1.3  <  R^  x  10~ 
<^1.9,  the  laminar  separation  was  found  to  be  intermittent  with  a  short  separation 
bubble.  On  the  small  (D=I2.54  cm)  smooth  Headform  S-2  at  R^*  4  x  05,  the  predicted 
transition  location  occurs  a  considerable  distance  downstream  of  the  laminar  sep- 

Q 

aration  point  and  a  long  separation  bubble  is  predicted.'  Attached  patch  cavitation 

inception  was  observed  on  the  small  Headform  S-2  with  a ^  <  -C  (Table  4  and 

Figure  3).  Furthermore,  the  predicted  transition  locations  shown  in  Table  4  are 

considerably  aft  of  the  C  ^  location.  On  smooth  Headform  T-6,  the  traveling- 

bubble  cavitation  inception  with  -C  ^  >  >  “Cpm^n>  was  observed  initially  and 

then  the  attached  patch  cavitation  inception,  with  ~^ptr  <  ~^pmin  was  °^servec^ 

in  the  transition  region.  The  predicted  transition  locations  occur  a  considerable 

distance  downstream  of  the  minimum  pressure  locations  for  all  the  three  smooth  head- 

forms,  and  the  measured  incipient  cavitation  numbers  are  all  significantly  smaller 

than  the  values  of  -C  .  . 

pmin 


CORRELATION  FOR  THREE  HEADFORMS  WITH  DISTRIBUTED  ROUGHNESS 


The  predicted  transition  locations  on  the  three  headforms  with  densely  and 
loosely  packed  distributed  roughness  are  given  in  Tables  3  through  5.  For  the  two 
model  sizes  tested  (D*10.2  and  2.54  cm),  all  the  predicted  transition  locations 
occur  a  small  distance  from  the  stagnation  point  and  a  considerable  distance  up¬ 
stream  of  the  minimum  pressure  locations.  Therefore,  all  the  flows  over  the  head- 

forms  with  distributed  roughness  are  definitely  turbulent  at  the  C  .  locations 

pmin 

for  the  Reynolds  numbers  tested.  Under  this  condition,  the  measured  cavitation 


inception  numbers  are  found  to  be  very  close  to  the  values  of  -C  .  .  e.g..  a  = 

pinin'  &  i 

-Cpmin  ±  0.02.  In  each  case,  cavitation  inception  was  observed  to  be  in  the  form 
of  attached  small  cavitation  bubble  lines  evenly  distributed  around  the  location  of 


the  C  (see  Figures  6  and  7).  These  results  suggest  that  the  distributed  rough¬ 
ness  height  should  be  selected  so  as  to  move  the  transition  location  forward  of  the 


location  of  minimum  pressure.  Other  correlations,  for  the  Schiebe  Model  tested  by 
Billet  and  Ho 11  are  given  in  the  appendix. 


CORRELATION  FOR  THREE  HEADFORMS  WITH  ISOLATED  ROUGHNESS  BANDS 

The  measured  cavitation  Inception  indices  for  the  headforms  with  isolated 

roughness  bands  located  upstream  of  the  C  location  are  also  presented  in  Tables 

3  through  5.  The  width  of  the  roughness  band  is  small  (<  4  mm).  The  computed 

roughness  Reynolds  numbers  based  on  the  roughness  height  K  at  the  leading  edge  of 

the  roughness  band,  K/v,  are  also  given  in  the  tables,  where  is  the 

smooth  laminar  bound ary- layer  velocity  at  the  band  leading-edge  evaluated  at  a 

height  of  K.  As  shown  in  Tables  3  through  5,  the  measured  cavitation  inception 

numbers  for  models  with  the  roughness  band  approximate  the  values  of  “Cpm^n  well 

when  the  computed  values  of  RR  are  equal  to  or  greater  than  600.  However,  when 

the  computed  values  of  R^  are  less  than  600,  the  measured  values  of  o,  are  smaller 

than  the  computed  value  of  -Cp^^.  The  incipient  cavitation  observed  was  attached 

patch  type  occurring  near  the  Cpm^n  location.  A  minimum  value  of  600  had  been 

recommended  to  stimulate  laminar  boundary  layers  to  turbulent  flows  by  Preston^ 

33 

for  circular  wire  trips  and  also  by  Braslow  et  al.  for  sand  trips.  The  same 
threshold  value  of  R^  of  600  is  required  for  the  isolated  roughness  bands  to 


promote  earlier  transition  and  to  simulate  proper  cavitation  inception.  Further¬ 
more,  the  roughness  bands  must  be  located  upstream  of  the  minimum  pressure  location 
to  assure  a  fully-developed  turbulent  boundary  layer  at  Cpm^n* 

CONCLUSIONS 

Cavitation  inception  observations  were  made  in  the  DTNSRDC  36- in.  water  tunnel 

on  three  axisymmetric  headforms  with  and  without  various  turbulence  stimulators. 

The  experiments  were  designed  to  identify  conditions  under  which  the  cavitation 

inception  number  could  be  approximated  by  the  negative  of  the  minimum  pressure, 

-Cpmin*  The  following  conclusions  may  be  drawn. 

For  smooth  models  and  models  with  distributed  roughness,  a  correlation  may  exist 

between  the  transition  location,  the  location  and  value  of  minimum  pressure,  and  the 

cavitation  inception  number.  For  models  with  isolated  roughness  bands  upstream  of 

the  negative  pressure  location,  a  correlation  may  be  made  between  the  roughness 

Reynolds  number  =  u^K/v,  the  location  and  value  of  minimum  pressure,  and  the 

cavitation  inception  number.  Furthermore,  analytical  methods  may  be  sufficient  to 

N 

predict  the  correlations.  Computed  spatial  amplification  factors,  e  (7<N<10),  of 
laminar  boundary  layer  disturbances  were  found  in  this  investigation  to  predict 
reasonably  well  the  measured  flow  transition  on  Headforms  S-l  and  S-2  with  and  with¬ 
out  distributed  roughness.  Potential  flow  theory  may  be  used  to  predict  the  minimum 
pressure  value  and  location.  Transition  is  predicted  to  occur  considerably  aft  of 

-C  ,  for  the  smooth  models  and  the  cavitation  inception  number  was  found  to  be 
pmin 

much  smaller  than  the  value  of  the  negative  pressure  coefficient.  On  the  models 
with  distributed  roughness,  transition  occurred  ahead  of  “^pm^n  anc*  t^ie  cavitation 
number  was  approximately  equal  in  value  to  the  negative  of  the  minimum  pressure 
coefficient.  Incipient  cavitation  numbers  on  the  models  with  isolated  roughness 
bands  were  found  to  approximate  the  computed  values  of  "^pm^n  when  the  roughness 
Reynolds  numbers  were  equal  to  or  greater  than  600. 

The  type  of  incipient  cavitation  may  vary  with  the  use  of  a  turbulence  stim¬ 
ulator.  Incipient  cavitation  on  the  smooth  models  was  observed  as  small  band, 
transient  spot,  and  traveling  bubble  or  attached  spot  on  Headforms  S-l,  S-2,  or 
S-3,  respectively.  On  the  models  with  distributed  roughness,  incipient  cavitation 


occurred  as  attached  small  cavitating  bubble  lines  evenly  distributed  about  the 
minimum  pressure  location*  Attached  patch  type  cavitation  was  observed  in  the 
vicinity  of  the  minimum  pressure  location  for  the  headforms  having  the  isolated 
roughness  band. 

In  order  to  assure  that  the  flow  is  fully  turbulent  at  the  minimum  pressure 

13 

location,  a  conservative  computed  spatial  amplification  factor  A  about  equal  to  e 
is  recommended  when  using  distributed  roughness  as  a  turbulence  stimulator.  Exces¬ 
sively  large  distributed  roughness  heights  which  cause  extremely  large  increases 
20 

of  A  (i.e.  A>e  )  should  not  be  used.  Furthermore,  it  is  recommended  that  the 
roughness  be  distributed  between  the  stagnation  point  and  a  location  downstream  of 
the  minimum  pressure  location  so  that  no  surface  discontinuity  may  be  caused  by  the 
roughness.  Under  these  conditions,  the  measured  cavitation  inception  number  a ^ 
can  be  expected  to  closely  approximate  the  value  of  When  a  threshold 

roughness  Reynolds  number  R  of  600  is  satisfied  for  isolated  turbulence  stimulators 
located  upstream  of  the  minimum  pressure  location,  the  measured  value  of  a ^  is  also 
expected  to  closely  approximate  the  value  of 
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Figure  2a  -  Laminar  Separation 

Occurring  at  (x/D)  =  0.47 

o 


Figure  2b  -  Attached  Band  Cavitation 
with  Small  Bubble  Lines  Distributed 
Evenly  at  Laminar  Separation 
(a^O.  61) 

Small  Band  Cavitation  Inception  Occurring  at  a  Laminar  Separation 
Location  on  the  Smooth  S-l  Headform 


I  ■ - - -  - 

Figure  3a  -  A  Small  Laminar 
Separation  Bubble  at 
(x/D)g  -  0-89 


Figure  3c  -  Cavitation  Inception  at 
ai  =  0.30,  D  *  7.63  cm 


Figure  3b  -  Cavitation  Inception  at 
0±  -  0.30,  D  *  10.2  cm 


Figure  3d  -  Cavitation  Inception  at 
a.  *  0.23,  D  =  2.54  cm 

l  9 


Figure  3  -  Three  Sizes  of  Large  Transient  Spots  at  Laminar  Separation 

on  Smooth  S-2  Headforms 


Figure  4b  -  Attached  Patch  at  *  0.23 
4  -  Two  Types  of  Cavitation  Inception  on  the  Smooth  Headform  T-6 
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Figure  6  -  Cavitation  Inception  on  Headform  S-l  with  Boundary-Layer 

Turbulence  Stimulators 


Figure  6  (Continued) 


I 


Figure  6e  -  Rp  -  3.2  *  105  Figure  6f  -  RQ  *  5.7  *  105 


(Both  figures  show  a  boundary- layer  tripping  band  (2.5-mm  wide  and 
0.03-mm  high)  located  at  x/D  *  0.15  (C^«0)  of  the  upper  half  of  the 

model  and  loosely  packed  60  ym  particles  on  the  lower  half.) 


Figure  6g  -  Cavitation  Inception  at 

o,  =*  0.78  at  the  C  .  of  the 
i  pm  in 

Lower  Half 


Figure  6h  -  Cavitation  Inception  at 

J ,  =  0.70  at  the  C  .  of  the 
x  pmin 

Upper  Half 


£ 
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Figure  6  (Continued) 
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Figure  6i  -  Cavitation  Inception  (a^O.70) 

at  the  C  ,  of  the  Headfora  with  a 
pain 

Boundary-Layer  Tripping  Band 
(2.5-mm  wide  and  0.03-mm  high) 
Located  at  x/D  *0.2 

(C  —0.33) 

P 
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Figure  7a  -  Cavitation  Inception  (a ^=0.42) 

on  Both  Halves  of  the  Headform  (D*10.2  cm), 
with  Densely  Packed  60  ym  Particles  on 
the  Lower  Half  of  the  Model  and  a 
Tripping  Band  (4-mm  wide  and 
0.06-mm  high)  at  x/D  = 

0.125  (C  *0.2)  on 
P 

the  Upper  Half 


Figure  7b  -  Cavitation  Inception 
(a j*0.42)  on  the  Small  (D*2.54  cm) 

Headform  with  Densely  Packed 
60  ym  Particles 


Figure  7c  -  Cavitation  Inception 
(a.® 0.42)  on  the  Small  (D=2.54  cm) 

Headform  with  Evenly  Packed 
90  ym  Spherical  Glass 
Beads 


Figure  7d  -  Cavitation  Inception 
(a^O.38)  on  the  Small  (D=2.54  cm) 

Headform  with  a  Tripping  Band 
(1.3-mm  wide  and  0.04-mm  high) 

at  x/D  =  0.25  (C  =0.05) 
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Figure  7  -  Capitation  Inception  on  Headform  S-2  with  Boundary-Layer 

Turbulence  Stimulators 


TABLE  1  -  MEASURED  CAVITATION  INCEPTION  ON  SMOOTH  HEADFORMS 
WITH  LAMINAR  SEPARATION 


Head form 

(Hemispheric  Nose) 

S-l 

Head form 

S-2 

Predicted*® 
Rp  *  106  by 

7 

e 

9 

e 

11 

e 

5.0 

7.0 

9.0 

1.3 

1.9 

2.5 

Measured  , 

*D  *10 

crit 

>  1.8  (36-in.  Water  Tunnel) 

>  2.5  (Wind  Tunnel) 

1.3  (36-ln.  Water  Tunnel) 

2.4  (Wind  Tunnel) 

-C  . 
pm  in 

0.78 

0.41 

*'  w 

0.39 

0.68 

“Cps 

0.63 

0.30 

0.47 

0.89 

<s/d)8 

0.76 

1.10 

Measured 

at  -  0.61  ±  0.02 

0-7  <  Rd  x  10‘6  <  1.9 

D  *  7.63  cm  &  10.2  cm 

D  *  2.54  cm 

a  «  0.30  ±  0.02 

1.2  <  R*  10~6  <  1.8 

0 

a  =  0.23  ±  0.02 
.3  <  Rp  x  io"6  <0.5 

a.  versus  -C 

1  ps 

a.  -  -C 

i  ps 

a.  =  -C 
i  ps 

a.  <  -c 
i  ps 

Incipient  cavitation 
type  for  Rjj  <  Rp 

crit 

Attached  band  cavita¬ 
tion  with  small  bubble 
lines  distributed 
evenly  at  laminar 
separation 

Large  transient  attached  cavitating  spots 
(fingers)  at  laminar  separation 

a/a 

0 

0.40 

0.40 

a/a^^ 

TS 

0. 5^2.1 

0. 8^3.0 

TABLE  2  -  MEASURED  CAVITATION  INCEPTION  ON  SMOOTH  HEADFORM  T-6 

WITH  NATURAL  TRANSITION 


Rp  -  1.3  x  106 

a/a 

o 

“/ars 

ai 

Type  of  Cavitation 

Estii 

A 

sated  Tr 

x/D 

ansition 

”Cptr 

7 

e 

0.62 

0.30 

0.40 

0.33  ±  0.03 

Traveling  Bubble 

9 

e 

0.68 

0.26 

a 

0.23  ±  0.02 

Attached  Patch 

11 

e 

0.72 

0.24 

13 

e 

0.83 

0.23 

Rp  =  1.9  x  106 

a/ a 

o 

a/01TS 

ai 

Type  of  Cavitation 

Estii 

A 

nated  Tr 

x/D 

ansition 

~Cptr 

7 

e 

0.59 

0.31 

0.40 

1.0 

0.33  ±  0.03 

Traveling  Bubble 

9 

e 

0.64 

0.28 

B 

0.23  ±  0.02 

Attached  Patch 

MEASURED  CAVITATION  INCEPTION  ON  HEADFORM  S-l  HAVING  VARIOUS 
BOUNDARY-LAYER  TURBULENCE  STIMULATORS 
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TABLE  5  -  MEASURED  CAVITATION  INCEPTION  ON  HEADFORM  T-6  HAVING 
VARIOUS  BOUNDARY-LAYER  TURBULENCE  STIMULATORS 


Turbulence  Stimulators 

Smooth 

(rms  Finish  <  0.4  um) 

Densely  Packed  60  ym 
Distributed  Roughness 

Boundary-Layer  Tripping  Band 
(2.54-mm  wide  and  0.03-mm  high) 
Located  at  x/D  =  0.125 

Estimated  Transition, 

Estimated  Transition, 

u»K 

200 

,  7  13v 

(e  e  ) 

,  13  v 
(e  ) 

0.62  <  X  /D  <  0.83 
tr 

<  0.06 

tr 

o  *  0.35  ±  0.02 

S  -  1-3  x  106 

a  •  0.33  i  0.03 

(Figure  4a) 

Traveling-bubble 

cavitation 

-  0.42  ±  0.01* 

Large  attached  cavita¬ 
ting  patches 

0±  -  0.23  ±  0.02 

(Figure  4b) 

Attached  cavitating 
patches 

0.60  <  Xtr/D  <  0.75 

Xtr/D  <  0.04 

u  K 

340 

Ot  -  0.33  ±  0.03 

Rp  *  1.9  *  106 

Traveling-bubble  cavi¬ 
tation 

01  -  0.42  ±  0.01* 

o±  «  0.37  ±  0.02 

o  -  0.23  ±  0.02 

Attached  cavitating 
patches 

Large  attached  cavita¬ 
ting  patches 

NOTE:  D  *  10.2  cm,  C  .  »  0.43  at  x/D  -  0.37 

pm  in 

X  *  Estimated  transition  location  by  using  e*^  for  smooth  surface  and  e ^  for 

distributed  roughness. 

♦Observed  cavitation  inception  with  attached  small  cavitating  bubble  lines  evenly 

distributed  around  C  .  . 

pain 


APPENDIX 

CORRELATION  FOR  SCHIEBE  MODEL 


Transition  predictions  for  a  Schiebe  model  (-C  =0.75)  with  and  without  dis- 


pmin 


10 


tributed  roughness  corresponding  to  the  experiments  conducted  by  Billet  and  Holl 
are  shown  in  Table  6.  The  roughness  was  distributed  in  the  forward  region  of  the 
model  starting  from  the  stagnation  point  and  extending  aft  to  a  local  diameter  D^, 


which  is  upstream  of  the  Cpm^n  location.  As  shown  in  Table  6,  the  computed  spatial 
amplif ication  factors  for  D^/D  =0.5  and  K  =  60  ym  are  less  than  e^  for  the  entire 


range  of  Reynolds  numbers  tested.  Thus,  the  forward  roughness  extending  to  D^/D  = 
0.5  was  not  sufficient  to  trip  the  boundary  layer,  and  cavitation  inception  was 


,10 


found  to  be  unaffected  by  this  extent  of  distributed  roughness.  It  is  most  likely 


that  the  distributed  roughness  of  D  /D  =  0.7  and  K  =  30  ym  has  effectively  tripped 

r  5 

the  boundary  layer  for  the  case  R_  =  8  x  10  since  the  computed  value  of  A  in  this 

13  D  5  5 

case  is  greater  than  e  .  For  4.5  x  10  <  8  x  10  ,  the  distributed  roughness 


extending  to  D  /D  =  0.7  is  predicted  to  have  a  significant  influence  on  the  boundary 
r  7 

layer  transition  location  A  >  e  when  compared  with  smooth  surface  data  (A  are  all 


less  than  e  at  the  C 


pm  in 


location).  Significant  differences  in  the  observed  cavi- 


,10 


tation  inception  results  were  found  between  the  smooth  body  and  the  body  with  this 


distributed  roughness  on  the  model  with  a  diameter  of  D  =  50.8  mm.  For  the  smaller 
body,  the  computed  values  of  A  are  all  less  than  e  .  However,  the  differences  in 


the  observed  cavitation  inception  with  and  without  the  same  distributed  roughness 

were  found  to  be  much  smaller  on  the  body  with  D  =  25.4  mm  and  <  4.5  *  10  •  The 

observed  differences  in  cavitation  inception  with  and  without  distributed  roughness 

10 


on  the  Schiebe  model  tested  by  Billet  and  Holl  are  generally  in  agreement  with 
the  predicted  differences  in  transition. 


TABLE  6  -  TRANSITION  PREDICTIONS  FOR  SCHIEBE  MODEL  (-C  =0.75) 

WITH  AND  WITHOUT  DISTRIBUTED  ROUGHNESS  pmin 
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